The quantification of atmospheric emissions from clamp kilns in the clay brick industry has met with limited success globally. The complex configuration of clamp kilns using coal or other carbonaceous fuels and uncertainties regarding kiln combustion conditions, has proven to be a hurdle in measurement of emissions and standardization of process and energy metrics. To enable quantification of these metrics, a model kiln was designed to simulate operating conditions and configuration similar to transverse slice of a typical full-scale clamp kiln, but with lower capacity (20,000 to 35,000 bricks per cycle). Hourly measurements of flue gas at extraction duct were recorded for thirteen firing cycles obtained from various source factories, each lasting 8 -14 days, for SO2, NO2, NO, PM, CO and CO2 emissions in the extraction stack. A statistical mean efficiency for model kiln emissions capturing and channelling capacity was calculated from sulfur mass balance results of batches that lie within 95% confidence interval of assumed true mean (100%) to give 84.2%. Final emission factors (mean ± standard deviation) were quantified as 22.5 ± 18.8 g/brick for CO, 0.14 ± 0.1 g/brick for NO, 0.0 g/brick for NO2, 0.14 ± 0.1 g/brick for NOx, 1.07 ± 0.7 g/brick for SO2, 378 ± 223 g/brick for CO2; 0.96 ± 0.5 g/brick for PM10; as well as 1.53 g/brick for hydrocarbons. Energy analysis indicate that a significant reduction of 0.9 MJ/kg (36%) in energy use could be achieved by clamp kiln operators, thereby reducing input costs, and significantly reducing atmospheric emissions. Capsule: A model kiln was designed to quantify emission factors, energy metrics and mitigation measures for clamp kiln technology in the clay brick industry
Introduction
The global brick making industry has been identified as a significant source of air pollution and greenhouse gas emissions in most regions of the world, especially in east, central and south-west Asia; Africa; and Central America (Croitoru and Sarraf, 2012; Ferdausi et al., 2008; Lalchandani, 2012; World Bank, 1998 , 1997 . Clamp kiln technology, at an industrial scale, is the main technology used for firing bricks in South Africa, and is widely used in various regions of Africa, Asia and Central America. This is due to its relatively simple and affordable technological application during construction, production and post-production phases of brick production i.e. when compared to other brick firing technologies (Ahmad et al., 2011; Akinshipe, 2013; Guttikunda et al., 2013; Maithel et al., 2012; Rajasthan State Pollution Control Board, 2011) . A clamp kiln is basically a temporary structure built with "green bricks" 1 to be fired. They (green bricks) are packed in a pyramidshaped formation on top of a foundation layer made of previously fired bricks, which also houses pieces of combustible material (wood, coal, cinder, coke, waste etc.) . Few layers of previously fired bricks may be used to enclose the green bricks, in order to reduce heat loss and conserve energy for firing (See Figure A, Supplementary Material) . However, clamp kiln technology been globally characterized as a highly polluting and energy inefficient technology; and its utilization, especially at industrial scale, has been discontinued in most developed nations (Akinshipe, 2013; Hashemi and Cruickshank, 2015; Rajasthan State Pollution Control Board, 2012; Raut, 2003) . Clamp kiln technology application in South Africa, especially in the industrial or formal brick production sector, has been developed to utilize larger quantity of bricks than elsewhere in Africa, Asia and Central America. These (South African clamp kilns) often utilize several million green bricks, producing an estimated 68 -85 % of total clay bricks production in South Africa, amounting to over 4 billion bricks per annum, and accounting for over 12 000 skilled and unskilled jobs (CBA, 2015 (CBA, , 2005 (CBA, , 2002 . Pollutants associated with clamp kiln technology include particulate matter (PM), sulphur dioxide (SO2), carbon dioxide (CO2), nitrogen dioxide (NO2), nitrogen oxide (NO), carbon monoxide (CO), metals, tropospheric ozone (O3), total organic compounds (TOC) (including ethane, fluorides, methane, volatile organic compounds [VOCs] , as well as hazardous air pollutants [HAPs] etc. (Akinshipe, 2013; Assadi et al., 2011; Guttikunda et al., 2013; Hashemi and Cruickshank, 2015; Skinder et al., 2014; USEPA, 1997) . These pollutants have been linked to many cases of severe health problems in humans and animals, as well as damage to vegetation, agriculture and land cover (Assadi et al., 2011; Croitoru and Sarraf, 2012; Guttikunda and Khaliquzzaman, 2014; Haack and Khatiwada, 2007; Pariyar et al., 2013; Pokhrel and Lee, 2014) .
Methodology
In light of the challenges discussed above, the aim of the study is to design a scientifically acceptable technique for capturing and confining emissions from a simulated clamp kiln in order to comprehensively measure and/or determine emission metrics, parameters and emission factors. In order to achieve this aim, the following objectives were undertaken as scope and approach to the study:  Design a single source stack configuration for the model kiln that is capable of capturing and channeling flue gases from the kiln through a sampling duct;  Undertake a series of brick firing and stack monitoring campaigns on the model kiln (at the outlet stack) using varying firing inputs typically used by South African clamp operation;  Conduct laboratory and computational analysis of input data and measured results in order to generate clamp kiln emission rates, emission factors and other emission metrics;  Evaluate the energy efficiency of clamp kilns based on analysis of fuel use;  Compare emissions results from clamp kilns with those from previous literature, as well as results from similar brick firing technologies, in order to evaluate the extent of clamp kiln pollution relative to those firing technologies; and  Recommend air quality management measures for clamp kilns based on findings of the study.
Model Kiln Design
The model kiln is located in a functional and easily accessible clamp kiln factory. It is built in a secluded location in order to restrict or minimize the influence of external air pollution sources. The model kiln configuration was designed to simulate a transverse slice of a full-scale South African clamp kiln, but with lesser firing capacity of 20 000 to 35 000 bricks per firing cycle ( Figure 1) . The design is premised on the notion that the length dimension in a full-scale kiln is much larger than the width; therefore, the lateral gas flow and hence, the energy flow, from the shorter side, will be much lower than the flow from the longer sides. In addition, the base layers of the bricks are packed in a way to allow lateral air flow from the shorter sides of the kiln. Consequently, it is anticipated that, if a transverse slice of the full-scale kiln is isolated by constructing two side walls to provide adequate insulation, conditions similar to those in the full-scale kiln can be replicated in the model kiln ( Figure 2 ). As a result of the simulation, gas flow pattern and energy profile in the model kiln are expected to simulate gas flow pattern and energy profile in the original kiln. Consequently, the rate of combustion, as well as other physical and chemical processes in the model kiln (such as exchange of cold air, release of flue gases, and ignition of the fuel mixed into the bricks etc.), are expected to occur and progress in similar fashion to the original kiln. Thus, the firing process in the model kiln is expected to simulate the firing process in the full-scale clamp kiln. The model kiln is constructed with its semi-enclosed sides to the direction of the prevalent airflow from the north and northwest of the region, in order to allow adequate supply of air during brick firing. A green-coloured plastic wire mesh wind shield (shade netting) is installed 5 metres away, to the north and northwest of the model kiln in order to minimize excessive airflow during extreme wind conditions. The top of the kiln is hooded with an insulated galvanised steel cover bearing a horizontal stack outlet, with a cross sectional area of 0.13 m 2 . A horizontal stack was considered more feasible for the purpose of this study since it minimises the vertical climbing height required for the person taking the measurement to reach the monitoring point and thus contributes to safe operation. The stack is equipped with a "bifurcated case axial" fan which extracts and channels the flue gas through the stack to the monitoring point. The design ensures adequate capture and channelling of the flue gas through the stack, with minimum losses experienced via the semienclosed sides. Galvanized steel sliding side boards are fitted to the open sides of the model kiln wall. These boards are kept opened during packing and unpacking of bricks in the kiln; but are closed for the firing duration and while hourly measurements are taken.
The inlet velocity through the openings (with the "draught" doors closed) is expected to be in the order of 0.5 m/s, as obtained from the outlet fan curve (Vent-Axia, 2015 , 2010 . This velocity is less than the normal wind velocities experienced by full-size kilns. The forced draught in the model kiln is therefore not expected to cause a material difference in air supply or flow conditions over the outside wall of the packed kiln when compared to a full-size kiln. Hence, it is not anticipated that there would be significant difference between combustion conditions in the model kiln and a full-scale kiln. Even if differences occur in the flow conditions between the model kiln and the full-size kiln, measurements between the different test firings will be run under comparable conditions. 
Stack Monitoring
A series of thirteen model kiln firing and concurrent stack monitoring campaign was conducted in order to collect emissions data. Measurement and data recording was carried out for the entire duration of each firing campaign; which included hourly measurements for gaseous pollutants (CO, NO, NOx, NO2, SO2 PM, HC and percentage CO2) and emission metrics (exit velocity, flowrate, flue gas temperature etc.). For each hourly measurement, readings were taken every second for all the parameters and then averaged over 5 -6 minutes. Thus measurement was considered representative for the entire hour since continuous monitoring was not feasible for the entire hour. Measurements were also taken for the ambient air to allow for possible background input. In measuring gaseous pollutants, the E INSTRUMENTS Model 5500 gas analyzer was utilized. The gas analyzer measures the aforementioned gaseous pollutants by means of electrochemical sensors. It also measures stack gas velocity, volumetric flow rate, excess air and combustion efficiency according to the EPA Method 2 or 2C (Biarnes et al., 2013; E Instruments, 2008) . In addition, PM measurement was undertaken using the Sidepak™ Personal Aerosol Monitor Model AM510 and the DustTrak™ DRX Handheld Aerosol Monitor Model 8534.
Firing and Energy Variables
Input and firing conditions, techniques and parameters were varied over each firing and monitoring campaign. These conditions, techniques and parameters are comparable to those obtained at the full scale clamp kiln operation at the factory from where the bricks are sourced. The objective is to simulate the source factory's method of processing, packing and firing, as well as the intrinsic properties of the clay and coal materials from each factory. The variables include the following:  Source of green bricks -Dried bricks to be fired are obtained from various brick factories across South Africa, with only one brick source utilized per firing campaign;  Method of bricks processing and packing -The bricks were processed, packed and fired in similar fashion to the technique employed at the source factory;  Intrinsic properties of green bricks (such as moisture content and clay type) -These varies according to clay source; and  Sulphur and energy content, and source of fuel used -Clamp kiln energy input parameter varies from one factory to another.
The major source of fuel for South African clamp kiln is coal -small nuts coal, carbon fly ash (CFA) and duff coal (CBA, 2005 (CBA, , 2002 Lordan, 2011) . Duff coal or CFA are used as "body fuel" (that is, are mixed into the clay during processing), while the small nuts or peas serve as the "external fuel" in the bottom ignition layer of the kiln (scintle). Packing of bricks into the kiln was done manually by six to ten men (for each batch of firing), with the aid of equipment such as forklifts and front-end loaders. Start-up of the firing process was done for most batches with the use of a 'fire-box', which is basically a stack of bricks housing sufficient amount of coal to start the firing process. Batch 3 and batch 12 operator utilized diesel (20 litres) and natural gas respectively, to start-up their firing process.
Results and Discussions
The following sections provide results of thirteen measurement campaigns conducted. Batch 1 results are not included due to a complete shutdown of the exercise few hours after start-up. Correlation analysis of data was performed using the GNU PSPP™ version 0.9 and Minitab™ 18.1 software at 95% confidence interval. Concentration/time plots for all emission metrics are shown in Supplementary materials.
Brick Appearance and Emission Metrics
Physical observations recorded for batch 2 to batch 13 indicates that the bricks were, in most cases, adequately fired in the model kiln. Physical examination of fired bricks (with respect to softness/hardness, strength, sound and core colour) from the model kiln showed similarities with bricks fired in conventional clamp kilns. Laboratory evaluation of fired bricks (in terms of compressive strength and water absorption test) indicated that the bricks fired in the model kiln achieved compressive strength and water absorption test values that are well within typical industry ranges, as well as compliant with industry requirement and masonry brick dimensions. Approximately 70 -90% of the total brick fired in the model kiln across batch 2 to batch 13 were considered adequately fired. Flue-gas exit temperature profile for batch 2 to batch 13 is shown in Figure B , Supplementary Material. The various profiles show similar temperature trends, with batch 2 and batch 12 exhibiting extreme values. Temperatures generally initiate at ambient levels; gradually rising to a peak during the second and third quarter of the firing period; and dropping to ambient levels again towards the end of the cycle. The temperature/time plot shows a negatively skewed polynomial regression curve (leaning towards the end of the firing cycle). A slight rise and fall in temperature levels, following a diurnal and nocturnal temperature rise and dip is also observed. A highest temperature of 409 o C was recorded during batch 2 firing. The velocity profile does not exhibit any consistent trend over the firing cycle. Levels (ranging from about 3 m/s to 20 m/s) rose and fell over the firing period for all batches. The velocity/time plot shows asymmetrical polynomial regression curves with little or no consistency throughout the firing duration. This suggests that flue gas velocity at the stack is controlled by the extraction fan and environmental factors such as winds, rather than by convective processes inside the kiln. A velocity variability plot is shown in Figure  B high wind speeds, visible smoke can be seen coming out from under the semi-enclosed air inlet at the opposing side to the wind direction.
Emission Concentration and Emission Factors
Hourly emission concentrations and process metrics were recorded for each batch over the entire firing cycle (8 to 14 days). Calculated emissions concentrations (mg/m 3 ) from measured data and process metrics are included in Table A and Table B in Supplementary material. Calculated emissions concentrations standardized to normal conditions are presented in Table 1 , while histogram of CO, NOx/NO and SO2 emissions concentrations and flue gas temperature are presented in Figure 3 (for batch 3). Complete histograms and concentration/time plots for all pollutants and across all batches are presented in Supplementary Material, while emission variability plot for all batches is shown in Figure 4 . Measured CO concentration shows similar trends across various batches, with concentration initiating at low levels; gradually rising and reaching peak concentrations within 30 to 100 hours (i.e. first and second quarter of firing duration), and gradually falling again to low levels towards the end of the firing cycle. In most cases, the concentrations show a positively skewed histogram (leaning towards lower emissions), typical of kiln combustion process which gradually ignites fuel and carbonaceous compounds in the bricks; and burning out over time. Since physical examination (by touch) of the external fuel in the 'scintle' layer of the kiln indicated that this burns off within one to two days of firing, implying that a large proportion of CO emissions during peak periods are from combustion of the external fuel in the 'scintle' layer. This suggests incomplete combustion and inefficient use of fuel for firing. Batch 3 displays the best indication of consistent emissions over the firing period (since shorter bars and a centred median in the variability plot is an indication of lower variability and consistent emissions). Batch 2, batch 11 and batch 12 show extreme levels of data variability, which suggest that these batches were inefficiently or unevenly combusted as a result of unevenly mixed fuel or inhomogeneous clay in raw bricks. Measured NO2 emission was not detected throughout the entire firing duration. This is attributed to the high temperature occurring within the kiln, since it has been established that NO is preferentially formed from combustion of fossil fuels at high temperatures. In a typical combustion chamber, thermodynamic equilibrium is formed between nitrogen, oxygen, NO and NO2 at temperatures in the combustion ranges. Hence, the higher the temperature, the more the equilibrium shifts to the production of NO rather than NO2 (Bartok and Sarofim, 1991; Heywood, 1988; USEPA, 1999) . During Batches 3, 5, 8 and 11 firing cycle, measured NO concentration shows slight trends across batches, with concentration initiating at low levels, with a gradual rise in levels during the first and second quarter of the firing cycle; and reaching peak concentrations within 80 -120 hours (i.e. second and third quarter of firing), and gradually falling again to low levels towards the end of the firing cycle. Batches 2, 4, 6, 9, 10 and 12 do not show any regularity across the firing duration. The measured NO concentrations for these batches do not exhibit any consistent trends; with concentrations initiating at mid-levels, rising and falling over the firing period. The initial mid-level concentrations observed during these batches may be attributed to combustion of the external fuel in the 'scintle' layer. A sudden and irregular spike in concentration level was also observed during Batch 2 firing. The cause of this could not be determined. In most cases, the concentrations show a positively skewed histogram (leaning towards lower emissions), typical of kiln combustion process which gradually ignites fuel in the bricks; and burning out over time. Batch 3 and batch 8 displayed the best indication of consistent and steadier emissions over the firing period; while batches 2, 6 and 12 show high levels of data variability, which suggest that these batches were inefficiently fired due to unevenly mixed fuel or inhomogeneous clay in raw bricks. Measured PM10 concentration does not exhibit any consistent trend, with concentration initiating at mid to high levels, rising and falling over the firing period. In most cases, the concentrations show a positively skewed histogram (leaning towards lower emissions), typical of kiln combustion process which gradually ignites fuel and release particulates as combustion proceeds; and burns out over time. PM10 adjustment measurement adjustment is described in Figure C , Supplementary Material; while the factor Measured SO2 concentration shows similar trends across batches, with concentration initiating at low levels; gradually rising and reaching peak concentrations within 80 -120 hours (i.e. second and third quarter of firing duration), and gradually falling again to low levels towards the end of the firing cycle. In most cases, the concentrations show a positively skewed histogram (leaning towards lower emissions), also typical of kiln combustion process which gradually ignites fuel and sulfur compounds in the bricks; and burning out over time. Occasional spikes in SO2 levels are observed at the start of the firing cycle, which is an indication of the release of sulfur from combustion of the fire-box and the external fuel in the 'scintle' layer. Thereafter, consistent zero emission is recorded for a period lasting 3 -6 days across different batches, and then a sudden and consistent spike in levels is recorded, peaking within 1 -2 days and dipping again to ambient levels towards the end of the firing cycle. The sudden spike in SO2 levels is most likely due to the oxidation of the pyrite component (FeS2) in the clay material, oxidation of the sulfur component of the internal fuel (coal that is mixed with the clay material during brick processing) and the dissociation of CaSO4 in an oxidizing environment within the clay material to release SO2 (Akinshipe and Kornelius, 2016, 2015; Brosnan and Sanders, 2005; Brownell, 1960 Brownell, , 1949 Gredmaier et al., 2011; Grim and Johns, 1951; Klepetsanis et al., 1999) . SO2 emission variability plot indicates positively skewed SO2 emissions (leaning towards lower SO2 concentrations). Batch 8 displays the best indication of consistent emissions over the firing period. Batches 2, 10 and 12 show extreme levels of data variability, which suggest that these batches were inefficiently fired. Calculated percentage CO2 results exhibit little consistency across the firing cycle; with levels generally maintained between 0 and 8 % over the firing period. The highest average CO2 percentages are recorded during batches 2, 6, 10 and 12, while mean percentage CO2 across all batches is 0.48%. NOTE: a "ND" means "no data"; "SD" means "standard deviation" b All NO2 measurements recorded zero values
Emission rates and emission factors
Emission rates and emission factors are calculated from hourly emission concentrations. Emission rates are given in gram per second (g/s) and gram per second per brick fired (g/s brick); while emission factors are given as gram of pollutant released per brick fired (g/brick) and gram of pollutant released per kilogram of brick fired (g/kg). For each of the variables, the mean of the distribution was taken as the most appropriate measure of central tendency, since various emission releasing reactions and processes occur in the kiln at different period during the firing cycle. These reactions and processes include the following:  release of 'mechanical water' and 'combined water';  combustion of external fuel in the base layer and the internal fuel mixed into the bricks;  dissociation of carbonates in the clay material;  oxidation conditions leading to dissociation of CaSO4 and release of CO2 (and eventually SO2); or retention of CaSO4 and FeS2 in a reducing environment to give off CO and H2; and  Destruction or development of lattice structure and change in crystal phase of the clay material.
Emission concentration and emission factor exhibit little or no similarity across firing campaigns; which may be attributed to the significantly varying input and firing conditions applied to individual batches. High standard deviations, as well as high range of data spread indicate that emissions and process metrics from clamp kilns are sensitive to these input variables. Measured results also indicate that the external fuel in the base layer of the kiln is the major source of atmospheric emissions, since the coal mixed into the clay during processing only starts to react with the clay components at high temperature range of 350 -950 o C to form volatile hydrocarbons and carbonaceous residues (Akinshipe and Kornelius, 2017b; Cultronea et al., 2003; Gredmaier et al., 2011; Rowden, 1964) . The carbonaceous residue will only be further combusted to emit CO or CO2 if the following favourable conditions in the kiln occur: availability of excess air in the combustion chamber to maintain an oxidising environment; a high cross sectional area of clay material being exposed to combustion, as well as adequate spacing; and uniformity in the rate of combustion, so as to ensure adequate penetration of the clay brick and ignition of the carbon in the core of the bricks (Akinshipe and Kornelius, 2017b; Grim and Johns, 1951; Rowden, 1964) .
Sulfur Mass Balance and Energy Efficiency Analysis
Sulfur mass balance analysis was conducted by accounting for the quantity of sulfur entering (sulfur input) and exiting (sulfur output) the firing system, thereby providing a reference technique for assessing the model kiln's efficiency in capturing the sulfur emitted to the atmosphere (these comprise of the emissions captured into the stack monitoring duct and emissions that escape from underneath the semi-enclosed sliding doors). Sulfur balance method was used instead of carbon balance method; since carbon balance utilizes organic carbon measurements that are sensitive to temperature and dilution levels and are measured at conditions that mimic conditions in the atmosphere after emission. The gas analyser that was available for measurement in this study does not allow for dilution levels and provides estimated CO2 percentages. Calculating carbon balance using this method will result in higher levels of uncertainties than sulfur balance calculations. In an ideal system, the percentage of output sulfur to input sulfur in the firing system will approach 100%, with the unaccounted percentage equivalent to the emissions that escapes underneath the semi-enclosed sliding doors. In reality, sulfur mass balance result shows varying percentages across various batches. Batch 2 and batch 9 mass balance results are close to the ideal condition (100%); while batches 3, 4, 8 and 11 mass balance results deviate rather significantly. Also, batches 5, 10 and 12 results exhibit extreme divergence (non-conforming batches), while batches 6, 7 and 13 results could not be calculated due to characteristic errors. In addition, laboratory results for non-conforming batches indicate an increase in the quantity of sulfur retained in fired bricks, when compared to the green bricks; implying retention of sulfur in the fired brick rather than anticipated release of emissions. Likely factors influencing the non-conformity of these batches' analysis to the ideal system include:
 The complexity regarding oxidation and/or reduction reaction in the firing chamber. Generally, dominant oxidation conditions favour the release of sulfur as SO2 emissions, while reduction conditions favour sulfur retention in brick as CaSO4 and CaS.  In order for mass balance analysis to be accurate, homogeneity during processing and mixing of clay bricks is required so as to ensure that the constituents of the clay and fuel material (including sulfur compounds) are evenly distributed across the whole batch. However, homogeneity may not be achieved since only two brick samples in over 20 000 bricks were analysed per batch. Consequently, in order to calculate a useable average mass balance percentage, statistical analysis was performed to determine the batches whose mass balance result lie within 95% confidence interval of the assumed true mean i.e. 100%. Assuming that batch 2 to batch 13 mass balance percentages represent samples of a population having a true mean of 100% (the ideal mass balance percentage), a 95 percent confidence interval estimate of true mean is given by Ross (2014) as follows:
Where: P = probability; ̅ = sample mean; µ = true mean; σ = standard deviation and n = number of samples. The mean of the batches that are within the 95% confidence interval range of the assumed true mean (100%) yields 84.2%, which may be considered the statistical mean efficiency of capturing and channelling flue gas to the measuring point by the model kiln. Consequently, the statistical mean percentage of the emissions escaping underneath the semi-enclosed sliding doors will be equivalent to 15.8%. This average was taken as the overall indicator of the proportion of flue gas that escapes from underneath the semi-enclosed side boards, and was utilized in correcting for final emission metrics. A calibration factor of 0.61 was obtained from literature to correct PM concentration obtained from the DustTrak and SidePak monitors to gravimetric concentrations. This calibration factor was obtained by McNamara et al (2011) from controlled laboratory wood stove emissions and is considered the most similar aerosol found in literature to the model kiln emissions (refer to Supplementary material). Final corrected emission factors (mean ± standard deviation) were quantified as 22.5 ± 18.8 g/brick for CO, 0.14 ± 0.1 g/brick for NO, 0.0 g/brick for NO2, 0.14 ± 0.1 g/brick for NOx, 1.07 ± 0.7 g/brick for SO2, 378 ± 223 g/brick for CO2, 0.96 ± 0.5 g/brick for PM10; as well as 1.53 g/brick for hydrocarbons (calibrated to propane emissions) and 0.96 g/brick for PM15, PM4, PM2.5 and PM1 ( Table 2 ). The similarity in PM1, PM2.5, PM4, PM10 and PM15 emission factors indicate that the combustion PM is composed of extremely fine PM -since it is made up of nucleotides and particles that are yet to coagulate in the atmosphere (refer to Figure D and Literature A, Supplementary Material). A dendrogram of cluster analysis for pollutants emission factors is presented in Figure 6 , showing associations among various pollutants across batch 2 to batch 13. The relationship or association among the pollutants can be linked to the processes and mechanisms of the pollutant generation (in this case, mainly combustion conditions and/or properties of fuel and clay material used). A strong association is observed between high-temperature releasing pollutants such as SO2 and NOx/NO2, while a weak association is observed between CO and CO2 emissions, since CO is released by incomplete combustion, while CO2 release is mostly fuel (carbon) dependent under complete combustion conditions. For PM emission, the weak association relative to other pollutants suggests that its release is not directly linked to the mechanisms associated with other pollutants (incomplete combustion, high temperature or fuel content). Furthermore, correlation analysis was conducted using both Pearson and Spearman rank correlation to evaluate the strength of the sensitivity of flue gas emission concentration and process metrics to energy inputs across batch 2 to batch 13. The outcome of the correlation analysis indicate that flue gas output metrics, including temperature, oxygen reference, percentage CO2, as well as CO, NOx and SO2 concentrations are sensitive (moderate to strong correlation) to the external energy input ( Figure 5 ). Output metrics are only slightly sensitive to internal and total energy. Consequently, efforts to evaluate the correlation between energy input and output metrics were focused on the external energy. Batch 3 energy analysis produced the best performance in terms of external energy to output metrics sensitivity, while batch 2 performed the poorest. Comparing the current South African industry SEC -3.4 MJ/kg (Akinshipe and Kornelius, 2017b) to batch 3 SEC -2.5 MJ/kg (since batch 3 produced the best energy performance) and to the average SEC from this study -2.6 MJ/kg; the significant reduction of 0.8 -0.9 MJ/kg (32% -36%) indicates that the industry could achieve significant reduction in energy use, thereby potentially reducing cost of energy input, and also, significantly reducing the quantity of atmospheric emissions. Based on this potential reduction in energy use, 27 528 tons of CO emission, 171 tons of NO emission, 0 ton of NO2 emission, 1 310 tons of SO2 emission, 463 174 tons of CO2 emission and 1 873 tons of hydrocarbons emission were quantified as potential annual reduction in South African clamp kilns. Final emission factors from this study were compared with applicable and available emission factors obtained from literature -refer to Table D and Table E , Supplementary Material -for different clay brick firing technologies, including down draught kiln (Asia), Bull's trench kiln (Asia), vertical shaft brick kiln (Asia), tunnel kiln (Asia), fixed chimney Bull's trench kiln (Asia), zig-zag kiln (Asia), clamp kilns (Asia) and coal-fired kiln (US). CO emission factor for clamp kiln from the current study, although comparable to the DDK, is higher than emission factors obtained from literature for various firing technologies. With respect to SO2 emissions, kiln technologies are ranked from lowest to highest in terms of potential for atmospheric pollution as follows: Zig-zag < SA clamps < Vertical shaft < US coal-fired < Fixed chimney Bull's trench < Tunnel (SO2 analysis should be taken with caution since SO2 emission is directly dependent on sulfur content of fuel and clay material). NOx emission factor is lower than the USEPA coal fired kiln by a factor of six. It can be inferred from this analysis that South African clamp kiln emissions are extremely high with respect to CO emissions (higher than all technology available for comparison); and moderate in terms of SO2, CO2 and PM/PM10 emissions. NOx emissions are considered to be extremely low when compared to US coal fired kilns. Based on available emission metrics, the various kiln technologies were ranked from lowest to highest in terms of potential for atmospheric pollution as follows: 
Relationship between Emissions Metrics
Several flue gas emission metrics were analysed in order to determine their relationships and relate it to chemical and thermodynamic processes occurring within the firing chamber of the model kiln. Correlation analysis (Table 3 ) was conducted using both Pearson and Spearman rank correlation to evaluate the relationships between the following emission metrics:
 Flue gas temperature and CO emissions: Pearson and Spearman rank correlation indicate weak and very weak negative correlation between flue gas temperature and CO emissions across various batches (excluding batch 12 that shows a very poor positive correlation). The weak negative correlation corroborates literature claims that carbonaceous compounds are burnt off at the early stages of firing before optimum temperature is reached (i.e. before 300 o C).  Flue gas temperature and SO2 emissions: Pearson and Spearman rank correlation indicate medium to very strong positive correlation between flue gas temperature and SO2 emissions across batches (excluding batch 5 that shows a poor positive correlation). Strong positive correlation corroborates literature claims that SO2 is retained in the brick at lower firing temperatures. Hence, higher temperatures will result in release of higher quantity of SO2 emissions.  Flue gas temperature and NOx emissions: Pearson and Spearman rank correlation indicate very poor to strong positive correlation between flue gas temperature and NOx emissions across batches 2 to 13 (excluding batch 8 that shows a poor negative correlation). Though the correlation results suggests a slight linear relationship between flue gas temperature and NOx emissions, a distinct relationship has not been established in literature, and this analysis do not provide conclusive evidence of a linear relationship between flue gas temperature and NOx emissions.  NOx emissions and SO2 emissions: Pearson and Spearman rank correlation indicate medium to very strong positive correlation between NOx and SO2 emissions across batches. Also, a distinct relationship between NOx and SO2 emissions have not been established in literature, a medium to very strong positive correlation suggests a linear relationship between the release of NOx and SO2 emissions. This may be attributed to higher temperature leading to higher release of NOx and SO2 emissions.  Flue gas velocity and Flue gas temperature: Pearson and Spearman rank correlation indicate very poor to strong positive and negative correlation between flue gas velocity and temperature, suggesting that the relationship between these two metrics is either non-linear or non-existent. 
NOTE:
Correlation is classified as "Very weak" = 0.0 -0.19; "Weak" = 0.20 -0.39; "Medium" = 0.40 -0.59; "Strong" = 0.60 -0.79; "Very strong" = 0.80 -0.99 P refers to Pearson correlation, S refers to Spearman Rank correlation and ND means "no data" Batch 5, 6 and 7 data are not included due to discrepancies in data analysis.
Relationship between Fuel Input Parameters and Emission Metrics
Several fuel input parameters were analysed in order to determine their relationships with emission metrics. Correlation analysis was conducted using both Pearson and Spearman rank correlation to evaluate the relationships between fuel input parameters (these include total sulfur, percentage total carbon, percentage total volatiles, percentage total ash); and atmospheric emissions (including CO, NO2, NOx and SO2 emission factors). Significant relationships are discussed below, while correlation results are shown in Table 4 :
 A strong positive correlation is observed between total ash content in external fuel and PM emissions, indicating that higher ash content in external fuel yields higher PM emissions. No distinct relationship is observed between percentage ash content in internal fuel and PM emissions.
 A strong negative correlation was observed between sulfur content in internal fuel and SO2 emissions, suggesting a reduction in release of SO2 emission when internal sulfur content is high. This indicates that more sulfur is captured within the brick with higher internal sulfur content and may be attributed to the complex reaction that occurs within the bricks, causing retention (rather than release) of sulfur in the bricks as CaSO4 (Akinshipe & Kornelius, 2017a) .
 A strong positive correlation was also observed between carbon content (both internal and external fuels) and CO emissions, indicating that higher carbon content in the fuel yield higher CO emissions, which is indicates inefficient combustion.
 A strong positive correlation was also observed between volatile compounds in external fuels and CO emissions, indicating that higher volatile compounds in the fuel also yield higher CO emissions. This also indicates inefficient combustion.
 Finally, a strong positive correlation was also observed between the following: volatile compounds in external fuel and SO2 emissions; total carbon in external fuel and SO2 emissions etc. NOTE: Correlation is classified as "Very weak" = 0.0 -0.19; "Weak" = 0.20 -0.39; "Medium" = 0.40 -0.59; "Strong" = 0.60 -0.79; "Very strong" = 0.80 -0.99
Conclusions and Recommendations
The model kiln design has proven to be adequate in firing bricks. It also proved effective in capturing and channelling emissions from a simulated clamp kiln in order for adequate monitoring to be taken; a quest which has met with limited success until now. It has been shown that measured model kiln emissions and firing process metrics exhibit high emissions inconsistency during each firing cycle, denoting the sensitivity of the emission to various chemical reactions and thermodynamic processes that occurs within the pseudo-firing chamber of the kiln at a particular period. These concentrations and process metrics exhibit little or no similarity across firing campaigns; which may be attributed to the significantly varying input, packing and firing conditions applied to each batch. A high standard deviation, as well as high data spread across the batches, indicates that emissions and process metrics from the kiln are sensitive to these input and firing variables. All pollutant emission rates and emission factors were successfully quantified (except for NO2 emissions). Significant NO2 is not emitted from a clamp kiln, since all of the NOx emitted is actually released in the form of NO. It was also shown that a similarity in PM1, PM2.5, PM4, PM10 and PM15 emission factors exists, which indicate that combustion PM is composed of extremely fine PM (since it is made up of nucleotides and particles that are yet to coagulate in the atmosphere).
In addition, it is expected that use of an energy alternative (such as liquidified petroleum gas, propane gas or diesel) will improve clamp kiln firing efficiency and consequently result in reduction of atmospheric emissions, since the external fuel has been shown to be most sensitive to emission metrics. A significant reduction of 0.8 to 0.9 MJ/kg (32% -36%) indicates that the industry could still achieve significant reduction in energy use, thereby potentially reducing cost of energy input, and also, significantly reducing the quantity of atmospheric emissions. Based on this potential reduction in energy use, 27 528 tons of CO emission, 171 tons of NO emission, 0 ton of NO2 emission, 1 310 tons of SO2 emission, 463 174 tons of CO2 emission and 1 873 tons of hydrocarbons emission were quantified as potential annual reduction in South African clamp kilns.
The following are measures that clamp kiln operators can adopt to reduce quantity of emissions: crushing, screening, milling and mixing of clay material and other additives is adequate to achieve homogeneity -homogeneity during processing and mixing of material is required to ensure that the constituents of clay and fuel material are evenly distributed across the firing batch; monitoring of kiln temperature by distributing thermocouples within the kiln and ensure a steady rise or fall in temperature; utilization of clay and coal materials that contain lower sulfur, carbon and metal contents; reduction of coal use by reducing current specific energy consumption as feasible as possible (closer to 2.5 MJ/kg) without compromising the firing process; as well as ensuring adequate sun drying of bricks prior to firing to help reduce energy consumption required for water-smoking or slow heating of the firing process.
The novelty of this research is in the design of the clamp kiln structure and simulation of the firing process which enables capture, confinement and channelling of flue gases to a point where representative measurement are obtained. In addition, computational analyses are utilized to generate representative emission rates and emission factors, as well as energy metrics that have hitherto proven infeasible.
In conclusion, the model kiln design and simulation technique adopted for quantifying emissions from clamp kilns could be utilized in further study for similar complex configuration sources.
Supplementary Material
Additional data are provided in Supplementary material.
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